Overexpression of Pseudomonas aeruginosa outer membrane protein OprH led to an 8-to 32-fold increase in susceptibility to chloramphenicol and the quinolones nalidixic acid, norfloxacin, ciprofloxacin, and fleroxadn in comparison with the susceptibilit of the wild-type strain H103 grown on Mg2e-sufficient medium. This was true regardless of whether OprH overexpression was induced by growth of strain H103 on Mg2e-deficient medium, the addition of 5 mM m-toluate to cells containing the cloned oprH gene behind the inducible tol promoter in plasmid pGB25, or mutation in the polymyxin-resistant derivative strain Hlgl. In contrast, OprH overexpression failed to reverse the quinolone resistance phenotype of a nalB mutant. OprH was purified to homogeneity by selective detergent solubilization and fast protein liquid chromatography. The addition of OprH to the solution bathing a black lipid bilayer membrane failed to give rise to an increase in membrane conductance. This suggests that OprH is not a porin but, instead, may cause increased uptake of quinolones and chloramphenicol via a non-porin pathway.
Fluoroquinolones have recently emerged as one of the most effective classes of antibiotics. Their broad spectra of activity as well as their potential to be delivered orally to patients have been important in their clinical use as therapeutic agents. In Pseudomonas aeruginosa, the outer membrane has been proposed to act as a major permeability barrier to the antimicrobial activity of fluoroquinolone antibiotics (1, 8) . Mutations which lead to decreased drug permeation through the disruption of uptake pathways are prominent. For example, some studies indicated that alterations or deficiencies in the outer membrane porin protein OprF of P. aeruginosa (8, 23) are observed in mutants with decreased fluoroquinolone susceptibility. Alternatively, de- creases in the amount of OprG (5) or the lack of OprD (9, 19) have been associated with quinolone resistance. Other studies have indicated that the acquisition of a 54-kDa outer membrane protein is associated with reduced fluoroquinolone penetration (9, 14, 25) . In contrast, Chamberland et al. (6) could show no correlation between OprF deficiency or 54-kDa protein acquisition and resistance to quinolones. Yamano et al. (26) proposed that outer membrane proteins C, D, and E of P. aeruginosa play a role in quinolone resistance. In addition, it has been demonstrated that mutants with lipopolysaccharide (LPS) modifications of the outer membranes of both Escherichia coli and P. aeruginosa had altered fluoroquinolone permeation (6, 7, 13, 16) , whereas quinolones have been reported to penetrate the outer membrane of E. coli (15) and Salmonella typhimurium (13) through the lipid bilayer. Clearly, these studies have provided conflicting data. Therefore, we considered the possibility that the various phenotypic alterations of the mutants described above were secondary manifestations of a primary mutation(s) affecting a non-porin pathway of uptake across the outer membrane. * Corresponding author.
The self-promoted (non-porin) uptake pathway, which is used by polycationic antibiotics such as polymyxin B and gentamicin (3, 12, 20) , has also been suggested as a contributing mechanism in fluoroquinolone uptake. Recently, Chapman and Georgopapadakou (7) proposed that fluoroquinolones might promote their own uptake through the chelation of divalent cations which cross-bridge adjacent LPS molecules.
This was then proposed to result in destabilization of the outer membrane, thereby promoting uptake of the fluoroquinolones. Previously, Nicas and Hancock (20, 21) demonstrated that outer membrane protein Hi (OprH) overexpression in P. aeruginosa correlated with increased resistance to polymyxin B, the aminoglycoside gentamicin, and the divalent cation chelator EDTA. It was proposed that OprH blocks the self-promoted uptake of these antibiotics. More recently, molecular genetic techniques were used to provide a direct correlation between OprH overexpression and EDTA, gentamicin (3, 27) , and polymyxin (27) resistance. Therefore, we decided to examine whether blocking the self-promoted uptake pathway through OprH overexpression would lead to quinolone resistance. In contrast, we report here that OprH overproduction in P. aeruginosa rendered the cells supersusceptible to the fluoroquinolones ciprofloxacin, norfloxacin, and fleroxacin as well as to chloramphenicol. Therefore, we examined whether this supersusceptibility reflected a role for OprH as a porin for fluoroquinolone uptake across the outer membrane.
MATERIALS AND METHODS
Strains and media. The P. aenuginosa strain used was the wild-type PAO1 prototroph strain H103. Strain H181 is a constitutive, OprH-overproducing derivative of H103 which was previously selected in our laboratory as polymyxin resistant (20) . The OprH-deficient strain H703 was constructed in our laboratory by gene heating the samples at 100°C for 10 min to maximize the amount of OprH in the 21-kDa band after SDS-PAGE.
Purification of OprH. The OprH-overproducing strain H181 was used for the isolation of OprH. Cells from midlogarithmic-phase cultures (optical density at 600 nm, 0.6 to 0.8) were harvested at 7,000 rpm in a Sorvall RC-5B rotor for 15 min. The pellet was resuspended in 20% (wt/vol) sucrose-10 mM Tris-HCl (pH 8.0) with the inclusion of 50 ,g of pancreatic DNase I (Sigma) per ml. The cells were broken in a French press at 14,000 lb/in2, and whole cells were removed by centrifugation at 1,000 x g for 10 min. A two-step sucrose gradient (50 and 70%) was set up onto which the sample was applied. Overnight centrifugation at 100,000 x g on a Beckman SW27 rotor allowed separation of the outer and inner membranes. The outer membrane fraction was collected and diluted with distilled water to a final sucrose concentration of approximately 5% and was centrifuged at 150,000 x g for 1 h. The pellet was resuspended in 10 mM Tris-HCl (pH 8.0)-0.5% octylpolyoxyethylene (octyl-POE; Bachem Bioscience Inc., Philadelphia, Pa.), sonicated three times for 10 s each time by using the Biosonik sonicator (Bronwill Scientific, Inc., Rochester, N.Y.), and centrifuged at 150,000 x g for 1 h. The soluble fraction was retained for analysis, and the pellet was resuspended in 10 mM Tris-HCl (pH 8.0)-3% octyl-POE and centrifuged at 150,000 x g for 1 h. The soluble fraction was retained and the pellet was subjected to a second solubilization with 3% octyl-POE. The fourth and fifth solubilization steps were carried out in 10 mM Tris-HCl (pH 8.0)-3% octyl-POE-50 mM EDTA. All fractions were tested for the presence of OprH by SDS-PAGE. OprH was primarily solubilized in 10 mM Tris-HCl (pH 8.0)-3% octyl-POE with 50 mM EDTA.
Fast-protein liquid chromatography (FPLC) was carried out to further purify OprH from other contaminating proteins within the fraction. The column used was a Mono Q anion exchanger (Laboratory Separation Division, Pharmacia, Uppsala, Sweden). The starting buffer contained 10 mM Tris-HCl (pH 8.0), 10 mM EDTA, and 1% octyl-POE. A sample containing 6 to 8 mg of protein was loaded onto the column, and the proteins were eluted gradually as the salt concentration increased from 0 to 1 M. OprH, a basic protein (4), eluted in apparently pure form in the void volume.
Black lipid bilayer experiments. The black lipid bilayer experiments have previously been described in detail by Hancock and Benz (10) . Conductance was measured across a lipid bilayer in the presence of 10-12 M FPLC-purified OprH. The lipid membrane was formed by using 1% oxidized cholesterol in n-decane. The applied voltage was 10 mV. Purified OprP (10) provided by C. Egli, from our laboratory, was used as a control.
RESULTS
Influence of OprH overexpression on susceptibility to qulinolones and chloramphenicol. To test whether quinolones accessed the self-promoted uptake pathway to cross the outer membrane of P. aeruginosa, a set of isogenic strains with normal or altered expression of OprH was used. As demonstrated previously OprH expression in wild-type strain H103 is influenced by the level of Mg2e in the medium.
In low-level Mg2+ (0.02 mM) medium, OprH is overexpressed at least 24-fold (20, 21; confirmed in this study) and cells are 4-fold more resistant to polymyxin and gentamicin compared with the resistance of strain H103 cells grown in presence of the detergent octyl-POE (Fig. 2) and analyzed in black lipid bilayer experiments. The purified protein was present in the heat-unmodified form when run on SDSpolyacrylamide gels without heating prior to electrophoresis, suggesting that it was not denatured during purification. Assuming that OprH retained its normal configuration, it was observed that the addition of FPLC-purified OprH from a stock sample in 1% octyl-POE-0.1% Triton X-100 to a final concentration of 8 or 80 pg/ml of bathing solution resulted in no increase in membrane conductance (Fig. 3) . Stepwise increases in membrane conductance of the appropriate size(s) were, however, observed for the control porin OprP (purified by a similar procedure) when added at a concentration of 4 to 8 pg/ml to the chamber.
DISCUSSION
The data presented here suggest that quinolone and chloramphenicol uptake across the outer membrane of OprHoverexpressing P. aeruginosa strains involves a non-porin pathway distinct from self-promoted uptake. (9, 20, 27) . Despite the coincident requirement of a second alteration for polymyxin resistance (3, 27) , the data published to date are consistent with the hypothesis that OprH blocks the self-promoted uptake of cationic antibiotics by interacting with LPS and reducing the formation of sites at which divalent cations cross-bridge adjacent LPS molecules (20) . Since these sites are involved in aminoglycoside uptake and EDTA susceptibility, OprH-overexpressing cells become resistant to these agents (3, 12, 20) . Using the strains from which the conclusions given above arose, we tested the hypothesis of Chapman and Georgopapadakou (7) that fluoroquinolones can penetrate the outer membrane via the self-promoted uptake pathway. We confirmed their observations (7) (26) and E. coli (7, 13 
